INTRODUCTION
Conventional composite laminates draw their strength from high-modulus fibers placed in a single direction within each of many individual plies comprising a multilayer laminate. The plies are arranged in various directions in the plane of the laminate to tailor the stiffness of the finished part. However, the material is designed so that fibers from different layers do not communicate -or cross each others' plane. This situation leads to relatively low tensile strength normal to the plane of the plies. In practice, this construction geometry means that the laminate is susceptible to damage in impact, where plies t.end to come unbonded. After impact, the overall laminate st.rengt.h, part.icularly t.he in-plane compressional strength, can be seriously impaired.
An improvement over these conventional geomet.ries is represented by composites designed wit.h through-thickness (TT) reinforcement. The geometry of TT reinforcement gives such a composit.e high interlaminar shear strength and enhanced damage tolerance to impact. Also, the elastic properties tend to be more uniform because of t.he fiber dist.ribution. However, the inplane stiffness and strength will usually be compromised, particularly in compression. And, finally, the complexity of t.he fiber architecture implies more complicated mechanics and ultrasonic NDE. In this paper we investigate the propagation of ultrasonic guided waves in t.he composite plate. First, we consider the nature of woven composites, followed by a summary of the theory used to model our experiments, which are then presented and discussed.
FIBER ARCHITECTURE
The TT type of reinforcement can take several forms [1] . Conventional fiber plies can be stitched together in the vertical (or z) direction, imparting some additional TT strength strength tQ the laminate. Or, the fibers themselves can be configured in a weave, such as illustrated in Figure la , for a plain biaxial weave. These patterns can he increased in complexity to form a complete interlocking structure like the multiaxial warp knit shown in Figure 1 b, where the weaving in two axes is augmented by knitting in warp direction. The "warp direction" in textile terminology refers to t.he direction in which the fabric moves through the loom. The knit crosses all layers to appear at both the upper and lower woven surfaces, as shown in the inset . A different, but related, TT reinforcement scheme is seen in Figure 2b , where the weaving crosses t.wo warp layers. This geometry is designated multiwarp weave. There are many other weaving architectures t.hat. could be mentioned. In addition to t.he warp knits, t.here are weft. knits (across the machine direction), and among these one finds purls, tucks, and crosses, locknits, and jerseys. Essentially all the textile weaves used in fabri c manufacture can be applied t.o fiber reinforcement in advanced composites [2] . Anot.her important type of reinforcement using fiber placement inst.ead of weaving is the orthogonal nonwoven geometry illustrated in Figure 2a . This method is often used with carbon-carbon composites.
In the last frame in Figure 2c is a drawing of a 3-D braided composite, the type studied in this work. (The "D" in 3-D properly stands for direction, rather than dimension.) This fiber geometry consists of an intertwining of three continuous fiber bundles in directions that are neit.her along nor perpendicular t.o the machine (or fabric production) direction. The fiber bundles are completely integrated in this type of reinforcement, making delamination in the conventional sense virtually impossible. What is shown in Figure 2c is a unit cell of the structure with all bundles, or rovings, present. When combined into a composit.e, the surface appearance is cellular wit.h a. parallelogram shape of roughly 4 mm by 8 mm. From t.he cells exposed on several sides of t.he composite, especially in a damaged region of the open-hole t.est. specimen, we have been able to estimate approximate cell dimensions for this sample. The material system is AS-4 fibers in PEEK thermoplastic matrix.
The fiber braid unit cell is shown, with relevant model parameters, in Figure 3 . Here, the fiber bundles are omitted for clarit.y, and a single arc represent.s one of three bundles. The xy plane cont.ains the plate, and z is normal t.o the plat.e surface. The average fiber angle is 0 in the figure, and j3 is the average bias angle. In this case, j3 is ±20°, and the fiber angle OF is estimated from dimensionalmeasurement.s on the composit.e to be 100. In addition, this sample has been fabricated with 10% of the fibers unbraided in the warp direction, or "laid-in". These fibers give t.he composit.e additional inplane stiffness essential for many applications. They also act to give the material a more st.able Poisson effect [2] .
SUMMARY OF MECHANICAL MODELING
To model t.he mechanical propert.ies of a braided composite, we have made several assumpt.ions t.hat simplify the problem considerably. First., we assume fiber z FIgure 3. Unit cell for 3-D braided composite independence, or that there is no mechanical interlocking of fibers. In a real braided composite, t.his effect becomes significant only at very high strain levels, t.he order of 3000 pstrain [3] and well beyond the strains induced by ultrasound. Secondly, we assume that properties derived locally will apply to the entire composite, and t.hat. t.he microstructural features of the composite do not contribute to its ultrasonic behavior. This latter assumption is rather serious, and not well justified at higher frequency, as we will see from the data.
The modeling procedure consists of defining the unit cell like the one in Figure 3 , and then calculating for it an average stiffness matrix based on average fiber directions, ignoring the cellular structure. First, the out-of-plane, or z direction, undulation is accounted for by a straightforward tensor rotation, about the y axis, of the known lamina properties for 52% AS4/PEEK. For a transversely isotropic stiffness tensor Cijkl, the operation yields a new tensor now incorporating the z-axis fiber orientation where the f3ij are second rank rotation tensors about the appropriate axis. We estimate the fiber angle OF at 100, so that half the (braided) fibers are oriented at (1) + 1 0 0 and half at _100. Then, this transformed stiffness tensor forms the basis of a calculation of the effect of the inplane angle (3. Again, the braided fibers are at ±20°, respectively. Finally, the laid-in fibers (at (3 = 0 0 ) are included by mixture mechanics, and the resulting stiffness matrix is used to derive the guided wave characterist.ics [4] of t.he braided composite. Other workers have also approached this problem, using a variet.y of techniques including lamination theory [5] , energy-based methods [3, 6, 7] , and stiffness averaging [8] .
EXPERIMENTAL METHOD
The measurements on guided waves in woven composite plates reported here have been performed by observing the ultrasonic reflection amplitude from the plate in a two-transducer arrangement. The experimental parameters available to us are the incident angle, which is approximately related to the phase velocity of the plate waves through Snell's law, and the excitation frequency. We fix the angle of the incident. sound beam from a conventional broadband pist.on radiator, and observe t.he reflected field with a nominally identical transducer (19 mm diameter and 1 MHz center frequency) at a point chosen to optimize the detection of the plate wave. The experimental frequency, in the form of long rf tone bursts, is stepped in increments of 10 or 20 kHz, and the received signal is amplified, video detected, and its magnitude sampled by gated integrating amplifier. The integrator voltage is converted to digital data by a DVM, and the entire experiment operates under computer control. A more complete description of the experiment can be found in reference [4] . The only signal processing applied to the data is is an amplitude normalization to remove the transducer response. Data are acquired over a wide frequency range, and sharp minima in the reflection curve, indicating the presence of guided waves, are collected on a dispersion curve.
RESULTS AND DISCUSSION
The reflection spectrum for the 2.27-mm thick composite plate of AS4/PEEK is shown in Figure 4 for an incident angle 0i of 16°. The solid curve is the measurement, while t.he plane-wave spectrum, calculated according to the theory summarized above, is shown as dotted. The deep narrow minima near 1=0.6 and 1.1 MHz are indicative of guided wave generation in the plate. The data and simulation do not exactly coincide. In this case we have likely overestimated the out-of-plane longitudinal stiffness, 0 33 , From the above discussion, this constant is dependent on the fiber volume fraction, on the fiber angle OF, and on the constituent elastic properties. The Hercules AS-4 fiber elastic properties are well characterized, so we can take the AS-4 constants as given. The values for PEEK have been obtained from the manufacturer, IeI Advanced Materials. However, the fiber angle is only estimated from the unit cell dimensions and could be in error by a several degrees. Also, the fiber volume fraction is not well known for this sample. We have not, however, attempted to fit the data by adjusting the free parameters. Instead, for this preliminary st.udy, we have simply made best estimates and compared wit.h experiment.. Yet., clearly the trends in t.he dat.a. are predicted by the model. Similar data for an incident angle of 30° is shown in Figure 5 . Here, again, the minima in the calculated curve fall to the right of the data. The experimental minimum near 1=1.5 MHz is located much farther from its predicted value because of the rapid change in slope in the dispersion curve at this relatively low value of phase velocity. The implication of the plat.e wave mode structure can be seen more clearly in the dispersion curve of Figure 6 . The overestimate of 0 33 can now be easily discerned, as well as the effect of the rapidly decreasing slope in the second curve, the Al mode, and in the subsequent overtone modes. Also, the predicted value of 0 55 seems too large, since the data appear to approach a lower limiting wavespeed at high frequency. Nonetheless, considering the number of estimat.es we needed to make to obtain a prediction of wave behavior, the agreement is acceptable, and the trends in the data indicate t.he direction of the corrections. It is also worth noting that ultrasound wavelength at 2 MHz (for longitudinal waves in the z direction) in the composit.e is nearly as small as t.he cell t.hickness, it.s smallest. dimension. Yet, the expected resonance effects are not observed. 10.0 r------------.,.....~-----------. .. More serious from a fundamental standpoint. is the fact. that the model assumes the composit.e is a homogeneous medium, where we clearly have effectively a large-grained microstructure, represented by elements of the braid unit cell. The effects of neglecting this elastic spatial variation are suggest.ed in the comparison bet.ween experiment and prediction of Figure 7 . At. low frequency, the minimum near 1.25 MHz is well reproduced, as in Figures 4 and .5. The data in Figure 7 were acquired wit.h 9.5-mm diameter, 3.5-MHz broadband t.ransducers. Above about 2 MHz, however, the experimental minima occur just out. of phase, but at about the same rate as the predicted spectral behavior. In fact, considering that the sound beam is about. t.he size of the braid dimension for all but t.he lowest. frequencies, the rough agreement in Figure 7 between the data and the prediction of a continuum theory is rather surprising. Perhaps a more accurate analogy for the braided composite is something like a crystalline aggregate having a high (and predictable) degree of texture.
CONCLUSIONS
In this paper we have presented experimental and theoretical results for the excitation of guided waves in 3-D braided composites. The model is based on stiffness averaging of fiber bundles comprising the composite unit cell and assumes homogeneity of t.he elastic medium. At low frequencies (j2 MHz) the ultrasonic reflection measurements agree well with the theoretical predictions, whereas above t.his frequency some discrepancy is observed. The agreement is somewhat surprisingly, since even at 2 MHz the wavelength of the slowest excitation is about the size of the smallest. unit cell dimension. We speculate that a crystalline texture type calculation should produce better agreement at higher frequency. . . ------------------------. . , showing disparity at higher frequency.
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